The role of the nucleotide excision repair (NER) pathway in removal of DNA ethylation damage was investigated by means of hprt mutational spectra analysis in the NERdeficient Chinese hamster ovary cell Une UV5, which lacks ERCC2/XPD, and in its parental cell line AA8. Both cell lines were exposed to ethyl methanesulfonate (EMS) or Nethyl-N-nitrosourea (ENU). EMS gave a similar dosedependent increase in hprt mutants in UV5 compared with AA8. In both cell lines EMS-induced mutations in the hprt coding region consisted almost exclusively of GC->AT transitions, probably due to the direct miscoding lesion O*-ethylguanine. ENU, an agent that in addition to O'-ethylguanine also induces other O-alkylation products, was significantly more mutagenic in UV5 than in AA8. Mutational spectra analysis showed that the proportions of ENU-induced GC->AT, AT-»TA and AT->GC base pair changes were similar for both cell lines. ENU-induced DNA lesions that may be involved in GC->AT transitions are O^-ethylguanine and ^-ethylcytosine, the latter being a chemically stable DNA lesion of which the miscoding properties and repair characteristics are largely unknown. ENU-induced AT-»TA transversions are probably caused by O^-ethylthymine, which mispairs with thymine. In AA8 thymines in ENU-induced AT-»TA transversions were exclusively located in the non-transcribed strand of the hprt gene, whereas in UV5 30% of these thymines were found in the transcribed strand. Together, these results indicate that O*-ethylguanine is a poor substrate for NER in rodent cells and that ^-ethylpyrimidines are preferentially removed from the transcribed strand of the hprt gene by NER.
Introduction
The ethylating agents ethyl methanesulfonate (EMS) and iV-ethyl-ZV-nitrosourea (ENU) belong to the group of monofunctional alkylating agents, which have been extensively analyzed with respect to their genotoxic and tumorigenic potencies (Lawley, 1990; Singer and Grunberger, 1983) . These compounds react with multiple oxygen and nitrogen atoms in the DNA, although the relative frequency of each type of reaction product in the DNA adduct spectrum depends on the nucleophilic selectivity of the agent (Beranek, 1990) . EMS has a high nucleophilic selectivity and therefore reacts predominantly with nitrogen atoms, whereas ENU has a low nucleophilic selectivity and reacts mostly with oxygen atoms. Ethylations at exocyclic oxygen atoms of the bases in DNA lead to direct miscoding lesions. Except for C^-ethylcytosine, it is well established that C^-ethylguanine, C^-ethylthymine and O 4 -ethylthymine in double-stranded DNA induce GC->AT, AT->TA and AT-»GC base pair changes respectively during DNA replication (Ellison et al, 1989; Klein et al, 1990; Bhanot et al, 1992) . Ethylation at nitrogen atoms is predominantly correlated with induction of structural chromosomal aberrations and cytotoxicity, possibly via the formation of abasic sites (Vogel and Natarajan, 1981; Kaina et al, 1993) .
Until recently C^-ethylguanine was regarded as the most important lesion for induction of gene mutations by DNA ethylating agents. This hypothesis was based on the strong correlation between the frequency of C^-ethylguanine in DNA and induction of gene mutations in various test systems (Heflich et ai, 1982; Van Zeeland et al, 1985; Fortini et al, 1993a) . Molecular analysis of gene mutations in bacteria, yeast, fruit flies and different cultured mammalian cell lines following exposure to a variety of ethylating agents supported this view, since the predominant type of mutation found was a GC-»AT transition, probably caused by the miscoding properties of O 6 -ethylguanine during DNA replication and cell division (Burns et al, 1986; Pastink et al, 1991; Kunz et al, 1992; Lee et al, 1992; Fortini et al, 1993b; Op het Veld et al, 1994; Yang et al, 1994) .
Several studies, however, have indicated that the role of O 6 -ethylguanine in mutation induction is strongly dependent on the DNA repair phenotype of the target cells. For instance, EMS and ENU are less mutagenic in cells proficient for C^-alkylguanine-DNA alkyltransferase (AGT) than in cells deficient for AGT (Maher et al, 1990; Bronstein et al, 1991; Kaina et al, 1991) . Furthermore, AGT-proficient mammalian cells exposed to ENU give predominantly AT->TA transversions instead of GC-»AT transitions (Bronstein et al, 1991; Jansen et al, 1994a,b; Yang et al, 1994) , indicating that under these conditions C^-ethylthymine (and not C^-ethylguanine) is the most important mutagenic lesion for ENU.
In addition to AGT, the nucleotide excision repair (NER) pathway is also suggested to be required for removal of C^-ethylguanine in DNA of mammalian cells (Goth-Goldstein, 1977; Simon et al, 1981; Maher et al, 1990; Bronstein et al, 1991 Bronstein et al, , 1992a Yang et al, 1994) . This suggestion is largely based on the findings that: (i) human cell lines proficient for both NER and AGT are more resistant to the cytotoxic and mutagenic effects of ENU than cell Lines deficient for either one of these repair padiways; (ii) spectra of ENU-induced hprt gene mutations showed that more GC->AT transitions contributed to mutation induction in a NER~AGT + cell line than in a cell line proficient for both AGT and NER; (iii) almost no loss of C^-ethylguanine was observed in total genomic DNA of cell lines deficient for only NER or AGT.
However, other studies have shown preferential induction and repair of C^-ethylguanine in actively transcribed genes compared with non-transcribed sequences (Thomale et aL, 1994) . This heterogeneity could result in rapid removal of C^-ethylguanine from actively transcribed genes without having a significant effect on DNA adduct levels in total genomic DNA. Consequently, the elevated frequency of GC-»AT transitions in the hprt gene of NER-deficient cells exposed to ENU could also be due to unrepaired DNA lesions other than C^-ethylguanine.
The present studies focused on the role of NER in protecting mammalian cells against the genotoxic effects of EMS and ENU using the Chinese hamster ovary cell line AA8 and its NER-defective derivative UV5 (Thompson et al., 1980) . The latter cell line belongs to the second complementation group of UV-sensitive Chinese hamster mutants and is mutated at a locus homologous to the human XPD gene (Weber et aL, 1990) . Chinese hamster ovary cells lack AGT activity (Ding et aL, 1985) and therefore are suitable target cells for the study of the effect of NER on alkylation-induced mutagenesis. Mutational spectra analysis at the hprt locus was performed to determine the different types of EMS-and ENU-induced base pair changes as well as the strand distribution of the bases at which these mutations occurred. EMS was used to determine the role of NER in protecting cells against the mutagenic effects of C^-ethylguanine, since this agent produces mainly C^-ethylguanine as a direct mutagenic lesion (Beranek, 1990) . Since ENU also induces C^-ethylcytosine and O 2 -and 0 4 -ethylthymine as well as C^-ethylguanine as putative miscoding lesions (Beranek, 1990) , a comparison of the spectra of EMS-and ENU-induced hprt gene mutations allows one to study: (i) the contribution of O 2 -ethylpyrimidines and (T'-ethylthymine in ethylationinduced mutagenesis; (ii) the role of NER in their removal in mammalian cells.
Materials and methods
Chemicals ENU was obtained from Pfaltz and Bauer (Waterbury, CT) and purified by recrystallization from methanol. Purified ENU was dissolved in phosphatecitrate buffer, pH 6.0, shortly before use (Mohn et aL, 1984) . EMS was purchased from Eastman Kodak (Rochester, NY).
Cell culture conditions
The Chinese hamster ovary cell line UV5 and its parental cell line AA8 were maintained in culture medium (Ham's F-10 medium modified by the omission of hypoxanthine and thymidine but supplemented with 15% newborn calf serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin) at 37°C with 5% CO 2 in a humidified atmosphere. For selection of hprt mutants cells were cultured in selection medium [culture medium supplemented with 5 (ig/ml 6-thioguanine (6-TG)].
Chemical treatment
In a total volume of 10 ml, 10 7 cells in suspension were treated with ENU up to 1.5 mM or with EMS up to 20 mM in serum-free culture medium supplemented with 20 mM HEPES, pH 7.4, for 1 h at 37°C. To terminate the chemical treatment, the cells were washed twice with culture medium before determination of cell survival and hprt mutant frequency and isolation of hprt mutants.
Cell survival, hprt mutant frequency and isolation of hprt mutants
The survival of AA8 and UV5 cells following chemical exposure was determined directly after treatment. Five dishes per treatment (94 mm), each containing 200 cells in culture medium, were incubated for 10 days to determine the clone-forming ability of the cells. The relative survival for each exposure level was calculated taking the survival of untreated cell populations as 100%. For hprt mutagenesis, exposed cells were seeded at 3.5X10 3 cells
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(ENU) or 3.5-10X 10 5 cells (EMS) per 150 mm dish (four dishes per treatment) and propagated in culture medium for 4 days, after which the cells were subcultured for another 4 days. Then the cells were reseeded in 10 dishes (94 mm) containing selection medium (10 5 cells/dish) and incubated for 10 days. Subsequently, the number of 6-TG-resistant clones was determined. In parallel with the selection of mutants, the clone-forming ability of the cells was determined by incubating five dishes (94 mm), each containing 200 cells, for 10 days. The hprt mutant frequency was expressed as the number of 6-TG-resistant clones per 10 5 clone-forming cells. To independently isolate ENU-or EMS-induced hprt mutants 4-8X10 7 AA8 or UV5 cells were exposed to 1 mM ENU or 4.5 mM EMS, reseeded in 30-78 dishes (150 mm) at a density of 3.5X1O 5 cells/dish and subcultured as independent cell populations for 8 days. Then 10 5 cells of each subpopulation were seeded per 94 mm dish in selective medium (two dishes per subpopulation) and after 10 days one 6-TG resistant cell clone per subpopulation was isolated and expanded for mutational analysis.
Molecular analysis of hprt mutant clones
RNA isolation and cDNA synthesis of ENU-induced hprt mutants was performed as described previously (Vrieling et al., 1988; Menichini et al., 1991) . cDNA synthesis from cell lysates of EMS-induced hprt mutants was performed essentially according to the method of Yang et al. (1989) . Briefly, 3000 cells of each mutant were washed twice with phosphate-buffered saline. Each time, the cells were centrifuged for 5 min at 1500 r.p.m. in an Eppendorf centrifuge. The cell pellet was resuspended in a reaction buffer containing 50 mM Tris-HCl, pH 8.55, 75 mM KC1, 3 mM MgCl 2 , 2.5% Nonidet P^0, 10 mM 1,4-dithiothreitol, 20 pmol oligonucleotide vrllOM13 (Op het Veld et aL, 1994) , 2 U avian myeloblastosis reverse transcriptase (Promega), 0.5 mM concentrations of each of the deoxynucleotides (Pharmacia) and 15 U RNase inhibitor (RNAguard; Pharmacia). The reaction mixture was incubated for 1 h at 37°C and subsequently for 10 min at 90°C. hprt cDNA was amplified in vitro by PCR as described by Op het Veld et aL (1994) using 30-35 cycles of denaturation (1 min, 93°C), annealing (1 min, 55°C) and extension (3 min, 72°C). Purification of the PCR product by Nusieve GTG gel electrophoresis, isolation of single-stranded DNA using streptavidincoated magnetic beads (Dynal) and DNA sequence analysis were performed as previously described (Menichini et al., 1991) . Most of the DNA sequence analysis was performed on an Automated Laser Fluorescent DNA sequencer (Pharmacia).
Results

EMS-and ENU-induced cytotoxicity and mutability at the hprt locus in Chinese hamster ovary cell lines AA8 and UV5
To study the role of NER in the cytotoxic and mutagenic effects of DNA ethylating agents in mammalian cells, the Chinese hamster ovary cell line AA8 and its NER-deficient derivative UV5 were exposed to different dose levels of EMS or ENU and subsequently assayed for cell survival and for mutability at the hprt locus. A dose-dependent decrease in survival of AA8 and UV5 cells was found for both EMS and ENU ( Figure 1A and B). Both cell lines showed a similar response with respect to the cytotoxic effects induced by EMS and ENU. EMS and ENU were potent mutagens in AA8 and UV5 cells and induced proportional increases in the frequencies of hprt mutant clones with increasing exposure levels ( Figure  1C and D). EMS induced equivalent frequencies of hprt mutant clones in AA8 compared with UV5 for each exposure level tested, whereas ENU was significantly more mutagenic in UV5 cells than in AA8 cells (P = 0.001). These data suggest that ENU, but not EMS, induces DNA damage that is a substrate for NER and that leads to gene mutations when not properly removed but which does not contribute to cytotoxicity.
Molecular analysis of hprt mutants induced by EMS in AA8 and UV5 cells
To study the effect of NER activity on EMS-induced hprt gene mutations at the molecular level, 64 independently induced 6-TG-resistant AA8 clones and 66 independently induced 6-TG-resistant UV5 clones isolated from cell populations exposed to 4.5 mM EMS were subjected to hprt The hprt mutant frequency is expressed as the number of 6-TGresistant clones peT 10 s clone-forming cells. Each point represents the mean of four independent experiments, except for AA8 cells exposed to 1.5 mM ENU (three independent experiments). Bars, SEM. For ENU the average hprt mutant frequency over four dose groups of AA8 (66 ± 53 X 10~5) was significantly different from that of UV5 (89 ± 72 X10" 5 ) (P = 0.001; Student's r-test). For EMS the average hprt mutant frequency over four dose groups of AA8 (53 ± 43X 10~5) was not significantly different from that of UV5 (59 ± 48X10-3 ) (P = 0.067; Student's r-test).
cDNA synthesis, PCR analysis and DNA sequencing. Most mutations will represent events induced by EMS, since the hprt mutant frequencies in AA8 and UV5 upon EMS exposure were >25 times higher than the spontaneous hprt mutant frequencies of these cell lines (0.3 ± 0.1 per 10 5 cells for AA8 and 1.4 ± 0.8 per 10 5 cells for UV5). Forty out of 64 (63%) AA8 mutant clones and 30 out of 66 (45%) UV5 mutant clones gave a full-length PCR product after hprt cDNA synthesis and in vitro amplification using /z/?rr-specific oligonucleotides. Smaller PCR products or multiple PCR products were found in 15 out of 64 AA8 mutant clones and in 22 out of 66 UV5 mutant clones, whereas the remaining hprt mutants gave no PCR product. Only mutants which gave PCR products representing full-length hprt cDNA were further analyzed by DNA sequencing analysis (Table I, summarized in Table HI ).
The results showed that nearly all of these EMS-induced mutants in AA8 and UV5 contained a single GC-»AT transition in the hprt coding region. Mutations at AT base pairs were found in only a few mutants: AT-»CG transversions were found in two AA8 mutants and two UV5 mutants contained an AT-^TA transversion. One EMS-induced AA8 mutant contained a tandem double mutation in the hprt coding region, whereas a single UV5 mutant showed two GC-»AT transitions separated by 1 bp.
Molecular analysis of hprt mutants induced by ENU in AA8 and UV5 cells
To determine the spectra of ENU-induced hprt gene mutations in AA8 and UV5 cells they were exposed to 1 mM ENU, since in hamster cells this dose is expected to give a similar frequency of C^-ethylguanine in DNA as found for an exposure to 4.5 mM EMS (Van Zeeland et al., 1985) . Fifty two independently induced AA8 mutant clones and 78 independently induced UV5 mutant clones were subjected to hprt cDNA synthesis, PCR analysis and DNA sequencing (Tables II,  summarized in Table HI ). Thirty four (65%) of the AA8 mutant clones and 47 (60%) of the UV5 mutant clones showed a PCR product representing full-length hprt cDNA. PCR products with a different length were found in 15 (29%) AA8 mutants and 26 (33%) UV5 mutants. No PCR product was found for three AA8 mutants and five UV5 mutants. The spectra of ENU-induced mutations in AA8 cells and UV5 cells are quite similar; they are dominated by GC-»AT transitions, since 59% of the AA8 mutant clones and 57% of the UV5 mutant clones contained this type of mutation. Changes at AT base pairs were also frequently found: 18% of the AA8 mutants and 21% of the UV5 mutants contained AT->TA transversions, whereas AT->CG transversions were found in 9% of AA8 and UV5 mutants. Other types of single base pair changes induced by ENU were AT-»GC transitions and GC-»TA transversions (Table n, summarized in Table m) .
Strand distribution of guanines in GC^>AT transitions and thymines in AT->TA transversions
In EMS-induced mutants a bias towards the non-transcribed strand of the hprt gene was found for guanines in GC-»AT transitions in both AA8 and UV5 hprt mutant clones (Table  FV) . This strand bias seemed more pronounced for UV5 mutant clones than for AA8 mutant clones. ENU also gave a biased strand distribution of guanines in GC->AT transitions in AA8 and UV5. However, the difference between AA8 and UV5 in the strand distribution of guanines in GC-»AT transitions was even larger for ENU compared with EMS (Table IV) .
In ENU-induced AT->TA transversions in AA8 mutant clones all thymines were located in the non-transcribed strand of the hprt gene. This strand bias was less pronounced in ENU-induced UV5 mutants, since in these clones 30% (3/10) of the thymines in AT->TA transversions were located in the transcribed strand (Table IV) .
Sequence specificity of guanines in GC-+AT transitions
Most guanines in GC->AT transitions induced by EMS and ENU are 5' and 3' flanked by purines (Table V) . For both EMS and ENU these transitions tend to occur at low frequency at sites where guanine is 3' flanked by a pyrimidine. The frequency of guanines in ENU-induced GC->AT transitions flanked on both sites by a purine was 1.5-fold higher in UV5 compared with AA8. A similar result was found for EMS. In addition, in EMS-induced transitions the frequency of guanines that are 3' flanked by a pyrimidine is somewhat lower in UV5 compared with AA8 (Table V) .
Discussion
The aim of the present study was to investigate the role of NER in protecting rodent cells against the genotoxic effects of the DNA ethylating agents EMS and ENU. For this purpose the Chinese hamster ovary cell line AA8 and its NER-deficient derivative UV5 were used. UV5 was derived from AA8 cells mutagenized with EMS (Thompson et al, 1980) , indicating that both cell lines are genetically nearly identical and therefore are probably better suited for comparative analyses than studies using cell lines with different genetic backgrounds (GothGoldstein, 1977; Simon et al, 1981; Maher et al, 1990; Bronstein et al, 1991 Bronstein et al, , 1992a .
Role of NER in protecting cells against the cytotoxic and mutagenic effects of EMS
No difference was found for the cytotoxic and mutagenic effects of EMS in the Chinese hamster ovary cell line AA8 and its NER-deficient derivative UV5, indicating that EMSinduced cytotoxic and mutagenic lesions are not substrates for NER. Furthermore, mutational spectra analysis showed that GC-»AT transitions were the predominant type of gene mutation induced by EMS in both cell lines. Similar spectra of EMS-induced gene mutations were found in Escherichia coli, Saccharomyces cerevisiae, Drosophila melanogaster and mammalian cells (Burns et al, 1988; Pastink et al, 1991; Kunz et al, 1992; Lee et al, 1992; Pienkowska et al, 1993; Op het Veld et al, 1994; Jansen et al, 1995; Klungland et al, 1995) , strongly suggesting that EMS induces gene mutations predominantly via C^-ethylguanine mispairing with thymine during DNA replication (Ellison et al, 1989) . This further indicates that EMS-induced C^-ethylguanine is not a substrate for NER in rodent cells lacking AGT activity. Compared with C^-ethylguanine, O 2 -ethylcytosine is produced by EMS at low frequencies (Beranek, 1990) . Therefore it is not expected that O 2 -ethylcytosine contributes significantly to EMS-induced mutagenesis.
Role of NER in protecting cells against the cytotoxic and mutagenic effects of ENU
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ENU-induced DNA lesions that are possible substrates for NER Despite the higher mutation induction in UV5 compared with AA8, the mutational spectra of ENU-induced hprt mutant clones are quite similar, both with respect to the types of base pair changes, predominantly GC-»AT transitions and AT-»TA transversions, and the proportions in which these base pair changes occur. This suggests that mutations at both AT base pairs and GC base pairs are caused by ENU-induced lesions that can be removed by NER.
Alterations at AT base pairs are frequently found among ENU-induced mutants in cultured mammalian cell lines and in cells from various mammalian tissues (Bronstein et al, 1991; Harbach et al, 1992; Skopek et al, 1992; Jansen et al, 1994a Jansen et al, ,b, 1995 Yang et al, 1994; Mittelstaedt et al, 1995) . N-Ethylated bases are not expected to contribute significantly to ENU-mutagenesis in AA8 and UV5, since: (i) agents such as EMS and methyl methanesulfonate, which induce high levels of 3-alkyladenine, give only a few mutations at AT base pairs in cultured mammalian cells (Op het Veld et al, 1994; Jansen et al, 1995; Klungland et al, 1995) ; (ii) W-alkylated adenines are efficiently repaired in somatic cells (Beranek, 1990; Mitra and Kaina, 1993 position of thymine has been demonstrated to give AT->TA and AT->GC base pair changes respectively (Klein et al, 1990; Bhanot et al, 1992) . C^-Ethylthymine is a persistent lesion in cultured mammalian cells and in most rodent tissues in vivo (Beranek, 1990) , suggesting that this lesion is not efficiently removed from the genome overall. Therefore 0 2 -ethyltnymine could be responsible for ENU-induced AT-»TA transversions. For this type of mutation in AA8 cells all thymines were located in the non-transcribed strand of the hprt gene, as has also been found in many other studies of other NER-proficient cells (Bronstein et al, 1991; Harbach et al, 1992; Skopek et al, 1992; Jansen et al, 1994a Jansen et al, ,b, 1995 Yang et al, 1994; Mittelstaedt et al, 1995) . This strand bias could be explained by specific removal of C^-ethylthymine from the transcribed strand of transcriptionally active genes. This strand-specific removal could be mediated by NER, since in UV5 cells (and in a human lymphoblastoid XP-A cell line; Bronstein et al, 1991) thymines in AT->TA transversions were found in the non-transcribed and the transcribed strand. This could be explained by unrepaired C^-ethylthymines in both strands. The data suggest that unrepaired (^-ethylthymine in the transcribed strand of the hprt gene may contribute to the higher mutation induction by ENU in UV5 compared with AA8.
GC-»AT transitions induced by ENU are usually all attributed to the miscoding properties of C^-ethylguanine (Ellison et al, 1989) . Alternatively, C^-alkylguanine may induce GC-^AT transitions via deamination of cytosine on the opposing strand (Williams and Shaw, 1987) . These interpretations would imply that C^-ethylguanine is a substrate for NER, since the proportion of GC->AT transitions in the spectrum of ENU-induced gene mutations is similar in AA8 cells compared with UV5 cells. In vitro repair studies have shown that C^-methylguanine is a substrate for NER (Huang et al, 1994) . However, recognition of C^-ethylguanine by NER contradicts the conclusions drawn from our data on mutation induction by EMS. It could be that C^-ethylguanine induced by ENU is a better substrate for DNA repair than C^-ethylguanine induced by EMS due to differences in sitespecific formation of O^-ethylguanine by these agents together with site-specific repair of alkylation damage. It was shown that alkyltransferase activity has a pronounced effect on EMS-induced mutational hotspots and also significantly influences the distribution of EMS-induced GC-»AT transitions with respect to sequence context (Vidal et al, 1995; Belouchi et al, 1996) . In the present study as well as in NER-proficient and in NER-deficient bacterial strains (Horsfall et al, 1990; Pienkowska et al, 1993 ) no major differences were found in the sequence specificity of guanines in GC-»AT transitions induced by ENU or EMS in AA8 and UV5. This suggests that NER would remove ENU-and EMS-induced C^-ethylguanine from similar sequences.
Could C^-ethylcytosine contribute in ENU-induced GC->AT transitions and does NER play a role in removal of this lesion? Recently we proposed a model including the specific removal of C^-ethylcytosine from the transcribed strand of the hprt gene in repair-proficient cells, as proposed for the structurally analogous lesion C^-ethylthymine (Jansen et al, 1995) . This model predicts a strong strand bias of guanines in ENUinduced GC-»AT transitions towards the non-transcribed strand of the hprt gene in UV5 mutant clones, due to: (i) unrepaired and mutagenic C^-ethylcytosines in the transcribed strand; (ii) the existing bias of mutagenic C^-ethylguanines towards the non-transcribed strand. The latter can be deduced from the strand bias of guanines in EMS-induced GC-^AT transitions (Table IV) , which is similar to the distribution of mutable guanines where a GC-»AT transition has been found, according to a database of >2500 different hprt mutants. Compared with UV5, AA8 should not give a strong strand bias of guanines in ENU-induced GC-»AT transitions. In AA8 C^-ethylcytosine will be repaired from the transcribed strand resulting in a reduction of guanines in GC-»AT transitions in the nontranscribed strand. The difference in strand distribution of guanines in ENU-induced GC-»AT transitions between AA8 and UV5 seems larger than found for EMS (Table IV) , supporting our model and suggesting that NER plays a role in the removal of C^-ethylcytosine. However, for both agents the differences in strand distribution are not statistically significant. In CHO cells the contribution of C^-ethylcytosine in ENUinduced mutagenesis should be minor, because of the inability of these AGT-deficient cells to repair (^-ethylguanine (GothGoldstein, 1980; Bignami etal, 1989; Bronstein et al, 1992b) and the 3-fold lower induction of C^-ethylcytosine compared with C^-ethylguanine (Beranek, 1990) . To study the role of EMS-and ENU-induced lesions other than C^-ethylguanine, experiments are in progress using AGT-proficient AA8 and UV5 cell lines.
In conclusion, the present study shows that NER plays a significant role in protecting AGT-deficient mammalian cells against the mutagenic effects of ENU but not of EMS. C^-Ethylguanine is most likely not a substrate for NER in the absence of AGT activity. The results suggest that in the hprt coding region at least C^-ethylthymine is a suitable candidate for strand-specific removal by an XPD-mediated repair pathway. Recently it was found that NER is required for strandspecific removal of ENU-induced, alkali-labile sites in the dihydrofolate reductase gene of CHO cells (Sitaram et al, 1997) .
